Abstract-Sarawak, Malaysia, has many under-resourced languages, which stands to become extinct if measures are not taken to preserve and maintain them. These languages are mostly spoken by the indigenous groups and not all of the languages are documented or studied. As an initiative to preserve, a Text to Speech (TTS) system has been built for Iban and Bidayuh languages, two out of 44 living languages in Sarawak. To expedite the development, we employed knowledge of closely-related language, i.e. Malay, which is the first language in Malaysia. In this paper, we employed a syllabification algorithm based on Malay syllable structure to build the Iban and Bidayuh syllable list and speech corpus. An accuracy test for the algorithm was conducted to determine the quality of the output from the TTS system using Categorical Estimation (CE). Test showed high percentage in accuracy and quality has a mean score of 3.07 out of 5, suggesting the approach works.
INTRODUCTION
A Text-to-Speech (TTS) system is an application to convert written text in a specific language, into artificial, machine-generated speech. User will input text into the system, then, the system will process or analyze the text in order generate speech. The ability of a machine or a computer to read any text aloud would enable the device to be used in many situations and purposes.
A text-to-speech system for Sarawak languages is proposed. This paper focuses two major languages in Sarawak, namely Iban and Bidayuh languages and the paper proceeds as follows. Section II details on the purpose of this study while section III covers current Malay TTS systems. In section IV, we present Iban and Bidayuh syllable structure and Section V and VI explains the syllabification and development of the algorithm, respectively. Section VII discusses briefly on the framework of our TTS system, followed by results of the experiments to evaluate the algorithm and the system in Section VIII and a conclusion in Section IX.
II. MOTIVATION
According to Lewis in [8] , there are 46 languages in Sarawak, of which, 44 living languages and two languages have no known speakers. These languages are mostly spoken by the indigenous groups of Sarawak especially those living in the rural areas. Not many of these languages are written and some of these languages have dialects that are not mutually intelligible, as found in the Bidayuh language [14] . Inter-racial marriages results some families use common languages such as Malay or English to communicate. Situations such as these could possibily lead to extinction or purity of indigenous languages due to code switching in conversations. As such, indigenous languages need to be preserved to ensure they do not disappear.
In addition to language preservation, the disabled communities will also benefit. The visually impaired or the blind are able to use text to speech systems as an assistive tool to read text and education especially in helping children who suffers dyslexia in pronouncing words correctly [18] . However, current systems accommodate only dominant languages such as English, French and Japanese.
Thus, it is timely to develop a speech synthesizer that is able to read any of the Sarawak languages text aloud. Besides that, the system could also be one of the potential tools in bridging the digital divide in the communities of Sarawak.
III. EXISTING TEXT TO SPEECH SYSTEMS USING SYLLABIFICATION APPROACH FOR STANDARD MALAY
In preparing for our TTS, Malay speech syntheses using syllabification approach is studied. Say It! system uses segmentation technique to select the longest phoneme sequence and compare the selected sequence to the existing syllable database [21] . If a match is found, the sequence will be considered as a syllable unit and extracted from the database. Otherwise, the comparison process will be carried out with the reduction of the last phoneme list until a match is found. It is a simple implementation, which produces a quick result. However, authors found that parsing could be wrongly segmented.
Another attempt for Malay language was carried out by [3] , by adapting a previously developed Arabic synthesizer. In this implementation, they considered linguistic analysis and phonetic analysis of Standard Malay sound system together with loan words. Moreover, they compared syllable structure and showed three syllable structures which mainly based on consonants (C) and vowels (V) sequence which are CV, CVC and CV and performed segmentation of syllables based on these rules.syllable structure might not be able to segment all words correctly due to the availability of loan words in sentences such as English, Arabic, Sanskrit, Indian and Javanese in Malay sentences. Thus, they added additional set of rules to segment loan words.
According to [10] , many Borneo languages are closely related based on its orthography. Borneo languages are categorised under the same family tree with Malay language, which includes Sarawak languages. These languages are under the family of Malayo-Polynesian, Austronesia. Thus, with the knowledge that Malay is closely related to Sarawak languages, we proposed to adopt Malay syllable structure to develop syllable based TTS for Iban and Bidayuh languages. These languages were chosen mainly due to the availability of resources at the time of this study.
IV. IBAN AND BIDAYUH (SINGAI) SYLLABLE STRUCTURE
Syllable is a unit of sound which consists of a vowel (the most sonorous sound, which is called Nucleus) and one consonant or a cluster consonant around the vowel (the preceded consonant is called Onset and the followed consonant is Coda) [6] . Maximum Onset Principle and Sonority Principle are the principles proposed for the syllabification algorithm.
In [22] , we have presented Iban and Bidayuh (Singai dialect) consonants and vowels classification that was obtained from [11] and [13] , respectively. Based on these findings, there are altogether 19 consonants, 6 vowels for Iban language, 18 consonants, and 6 vowels for the Bidayuh language.
We observe that both Iban and Bidayuh languages have syllable structure similar to Malay language. For example, in Malay, the word 'pakai' (use) has two syllables 'pa' (CV) and 'kai' (CVV). In Iban, the word 'makai' (eat), has the same structure 'ma' (CV) and 'kai' (CVV). As in Bidayuh, the word 'duoh' (two), has two syllables 'du' (CV) and 'oh' (VC). This could be found in some Malay words such as 'duit' which has syllables 'du' (CV) and 'it' (VC). Thus, in this paper, we take the advantage of adopting the syllable structure of Malay language and later investigate the results of syllabifying Iban and Bidayuh words using this approach.
V. SYLLABIFICATION
Malay language has quite complete linguistic information, in the aspects of morphology, part-of-speech, syllable structure, phonemes, and the like. Other information such as the diphthongs, and glide insertion has been clearly defined [19] . Many computer applications has been developed for this language. citcat.com is an online text and website translation tool, and it also offers as an online dictionary [20] . Malay morphological model has also been identified [12] , and it has become an important component for Malay spell checking system. Furthermore, Malay syllabification algorithm ( [9] and [23] ) and speech synthesizer have been developed [16] .
A. Syllable Structure
The basic Malay syllable structure units are V, CV, VC, and CVC [16] where V represents Vowel, and C represents Consonant. We consider four subjects for the development of the syllabification algorithm as follows:
1) The diphthongs The diphthongs of Malay language are 'ai', 'au',' oi' [16] . The Malay diphthongs are partly same with the diphthongs of Iban language, which are 'ai', 'au', 'ui' according to [2] . Diphthongs in Iban language only occurs at the end of a word. As for Bidayuh language, the diphthongs are 'ai', 'au', 'oi' [17] , which shares the same diphthongs with Malay and usually occur at the end of a word.
2) The consonant clusters There are three consonant clusters for Iban language, which are 'ng', 'ny', 'ch', but there may be exceptions for loan words. For example, 'kredit' is a loan word from English word, credit. 'ny' and 'ng' are the consonant clusters of Bidayuh language for Singai dialect. These consonant clusters will be treated as a single consonant in the syllabification algorithm.
3) The glottal stop ( ) As for the Bidayuh language, glottal stop exists in texts while it exists only in old Iban texts and occurs after every vowel. Current textbooks in Iban which are used in schools have eliminated the use of the glottal stop.
4) Glide insertion
According to [4] , the consonant 'w' will be added in between the end of the word and the suffix when suffixes for Malay language, -an and -i, are used. One of these suffixes are added to a word which ends with a vowel 'u' or a diphthong 'au'. The consonant 'w' is inserted for the pronunciation and not to add to the original spelling. For example, when a Malay word, 'halu', is inserted with a suffix, 'an', at the end, the word 'haluan' will be read as 'haluwan' (ha + lu + wan) instead of 'haluan' (ha + lu + an). If the suffix is an -i, the consonant 'y' is inserted. In Bidayuh language, the glide insertion happens if the vowel 'u' or 'i' followed by another vowel. For example, 'duoh' (two), a consonant 'w' will be inserted between the two vowels. The word will be pronounced as 'duwoh' (du + woh).
In the development of the syllabification algorithm, the glide insertion will be included. The glide insertion is used when the vowel 'u' or 'i' comes together with another vowel. Using the example earlier, 'duoh', the syllables will be identified as 'du' and 'woh', instead of 'du' and 'oh'. Glide insertion is important for the TTS as it is able to improve pronunciation when speech units are concatenated.
VI. ALGORITHM DEVELOPMENT
The syllabification algorithm is developed to identify syllables and is used as a part of the process in the Sarawak TTS system. These syllables are then used to identify speech units for the concatenation process. The algorithm is developed based on syllabification rules as mentioned in Section V and improved from the work by N. H. Fisol [23] .
Instead of searching onset to identify the syllables, the nucleus of the rime will be identified first for the syllable. Unlike English, the nucleus for Malay, Iban, Bidayuh, and other Borneo languages are vowels, hence, the vowels of the word will be identified first, then it will check the following character as a vowel or a consonant to identify the coda. Hence, through this, a syllable boundary is marked and the syllable is identified. A detail of the rest of the algorithm is explained as follows:
1) Glide insertion
Before the syllabification process, 'w' will be inserted in between a word if the vowel 'u' is followed with another vowel such as 'a' and 'o', and 'y' is inserted if it is followed by a vowel 'i'.
2) Diphthong If there are two vowels at the end of a word, check the diphthong list based on the language, as Iban and Bidayuh language have different diphthongs.
3) Consonant cluster Identify the consonant cluster based on the languages, and treat it as one consonant.
4) Identify coda When a vowel is identified, check for the following characters. If a) it is a consonant followed by a vowel, then mark the syllable boundary right after the first vowel. For example, if the word has the structure …VCV…, then the syllable boundary will be marked as …V | CV… b) it is a consonant followed by another consonant and next to the second consonant is a vowel, then mark the syllable boundary after the first consonant. For example, if the word has the structure …VCCV…, then the syllable boundary will be marked as …VC | CV… c) the consonants after the first vowel is more than two, put the syllable boundary after the first consonant. For example, if the word has the structure …VCCCV…, then the syllable boundary will be marked as …VC | CCV… d) it is a glottal stop, mark the syllable boundary after the glottal stop. For example, if the word has the structure …V'CV…, then the syllable boundary will be marked as …V' | CV… We represent (…) as the possible vowels and consonants, or none of them.
VII. FRAMEWORK OF THE SARAWAK TTS
Concatenative speech synthesis is based on the idea of concatenating pre-recorded speech units to construct the utterance [15] . The speech unit selection is usually a tradeoff between longer and shorter units [1] . With longer unit used, high naturalness is achieved and less concatenation point occurring, however the larger memory is needed for storage. In contrast, the shorter unit used the less memory for storage needed but the speech output become less natural. Besides that, more concatenation points occur during the concatenation process. Currently, units used for concatenative synthesis systems are usually words, syllables, demi-syllables, phonemes, diphones, and sometimes tri-phones [5] . There are five modules in this TTS, which are the text input, text tokenization, text normalization, syllable parser and the syllable concatenation. Figure 1 shows the framework of the TTS system. User is prompted to enter text into TTS system and the user can enter a single word or a single sentence. Text is then tokenized based on whitespaces, dots, commas and exclamation marks and pauses are inserted between words and sentences. An example of a Bidayuh sentence and the result of tokenization is given as below. Note that pau indicates pause. Figure 1 . Framework of Text-to-Speech system. Reprinted from [22] Original sentence : Oku suka main bol. After tokenization : oku pau suka pau main pau bol pau . pau
We compare each tokenized word, excluding the pauses and punctuation marks to a list of abbreviation, numbers, acronym and symbol. Once characters match such as '1' with the list, the characters then are represented in words such as 'nih' in Bidayuh or 'satu' in Iban. Afterwards, normalized words are mapped to the list of syllables with pre-defined syllable segmentation which is stored in text corpus. For example :
Original sentence : Oku suka main bol. After parsing : O+ku pau su+ka pau ma+in pau bol pau . pau Next, each identified syllables are given positions In a given sentence, we denote 1 as syllable at the initial word of the sentence, 2 as syllable between initial and last word of the sentence (medial) and 3 as the syllable that occur the last word. On the other hand, we label syllables in a word as begin (the first syllable in a word), middle (the middle syllable in a word), end (final syllable in a word) and also singular (word that has only single syllable).
Finally, once syllables have been labeled and identified, we map them to the speech corpus to match with the speech units. Then, later, concatenation of speech units is implemented. Due to page constraint, we will not explain on the development of our speech corpus. In the next section, we present our results based on two experiments to evaluate our syllabification results and TTS system.
VIII. EXPERIMENTAL RESULTS
We conducted two types of tests; the first test involves the comparison of the syllabification algorithm used in this research to manual syllabification by local speakers. The second test on the other hand, involves the user acceptance of the speech output. 
B. Listening Test using Categorical Estimation (CE)
Categorical estimation involves the participation of listeners to rank output voice of the synthesizer according to several attributes or aspects [7] . Seven attributes to be ranked are pronunciation, speed, distinctness, naturalness, stress, intelligibility and pleasantness. In this test, 5 participants who could speak both languages were assigned to use and rate the output of our TTS system.
The score would be rated from 1 to 5, where 5 is very good, 3 is fair and 1 is very bad. For Iban, pronunciation scored 3.2, distinctness scored 3.0, naturalness scored 2.2, stress scored 3.4, intelligibility scored 3.6 and pleasantness scored 3.0 meanwhile for Bidayuh pronunciation scored 3.4, distinctness scored 3.0, naturalness scored 2.2, stress scored 3.2, intelligibility scored 3.8 and pleasantness scored 2.8. Thus, both languages has a mean score of 3.07.
Three out of five participants claimed they have never used synthetic speech from any TTS systems. The exposure restriction led them to give out lower scores due to their high expectation on the output speech to approximate natural human speech. We should keep in mind the high expectation of potential users of the system for future improvement.
IX. CONCLUSION
In this paper, we have developed a TTS system for two ethnic languages in Sarawak, Malaysia by adopting linguistic information of Malay language such as syllable structure to segment our Iban and Bidayuh words into syllables. Our syllabification algorithm results showed more than 70% accuracy in identifying syllables besides reducing time for manual syllabification. CE score has a mean score of 3.07 which indicates that the TTS system needs improvement in the concatenation of speech units.
